Abstract Softwood is an abundant resource; however, currently its utilization for bioconversion to obtain platform sugars is limited. Pinus taeda trees which were genetically modified to either produce S lignin or to decrease lignin content were characterized with a suite of analytic techniques. Syringyl lignin was visualized in the secondary xylem of one genetic line with Mäule staining. Solid-state nuclear magnetic resonance identified the S lignin units were coupled into the lignin through b-O-4 linkages, and thioacidolysis measured approximately 13% S lignin content in the same sample. Reductions of the lignin of as much as 33% were observed in the transgenics. To better understand how these modifications affect bioconversion, their amenability to hot water and dilute acid pretreatments and enzymatic hydrolysis was evaluated. Lignin reductions resulted in 1.9-3.2-fold increases in glucose release compared to the control. However, no apparent benefit was observed by S lignin incorporation at the concentrations reported in this study. These results highlight the potential for softwood cell wall properties to be improved for bioenergy/biochemical applications.
Introduction
Wood and other types of lignocellulosic biomass are abundant resources which can be utilized for biofuel and biochemical applications. The occurrence of lignin in woody biomass contributes significantly to its inherent recalcitrance toward biological and enzymatic degradation (Chen and Dixon 2007) . Lignin is a phenolic polymer composed mainly of three lignin monomer units which differ by their degree of methoxyl group substitution. These three monolignols are p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which, when incorporated into the lignin polymer, give rise to p-hydroxyphenyl (H), syringyl (S), and guaiacyl (G) lignins (Boerjan et al. 2003) . The lignin content and lignin structure differ significantly between softwood and hardwood species. Softwood (gymnosperm) lignins are composed mainly of G units and small proportions of H units, and generally have higher lignin content. Hardwood (angiosperm) lignins are composed of S and G units, with their distribution varying depending on cell type and cell wall structure. Studies on the enzymatic hydrolysis of lignocellulosic biomass have implicated several structural features that inhibit enzymatic hydrolysis including surface area, cellulose crystallinity, acetyl content, lignin content, and lignin structure (Alvira et al. 2010; Zhu et al. 2008) . These structural features vary based on the type of biomass (i.e. grass/herbaceous, hardwoods, or softwoods). In addition, the relative importance of these structural features depends on the method of pretreatment (i.e. acid, alkaline, hygrothermal, etc.) utilized prior to enzymatic hydrolysis (Alvira et al. 2010) . Compared to hardwoods, softwoods are generally regarded as more resistant to pretreatment and enzymatic hydrolysis (Zhu et al. 2010 ). In the case of hardwoods, high proportions of S lignin are generally considered to be advantageous for biochemical breakdown due to increased labile b-O-4 ether linkages, as well as decreased chain length, reduced molecular weight, and the reduced occurrence of more stable 5-5 and b-5 linkages (Studer et al. 2011) . Moreover, overall lignin content has also been shown to contribute to recalcitrance towards enzymatic hydrolysis in switchgrass (Baxter et al. 2014 ) and poplar (Studer et al. 2011; Zhu et al. 2008 ). This has led to significant work to alter lignin content and lignin structure in lignocellulosic biomass through genetic modifications (Li et al. 2014) .
Softwoods represent an important part of commercial tree species, and significant developments in the genetic modification of the lignin biosynthetic pathway have been made (Grant et al. 2004; Tang et al. 2001) . For example, down-regulated 4-coumarateCoA ligase (4CL) in Pinus radiata plants resulted in lignin content reductions of 50%, accompanied by increased b-O-4 structures, reduced stiffness, and dwarfed phenotype (Wagner et al. 2009 ). Cinnamoyl CoA reductase (CCR) down-regulation in Picea abies resulted in 8% lignin reduction, decreased H-lignin content, and smaller stem diameter compared to the control (Wadenbäck et al. 2008) . Recently, Wagner et al. (2015) successfully produced genetically-modified pine tracheary elements which contain S lignin.
The aim of this research was to characterize Pinus taeda which was genetically modified for either reduced lignin content or production of S lignin monomers, and to test how these modifications affect sugar release after pretreatment and enzymatic hydrolysis. Incorporation of S subunits into P. taeda lignin was confirmed using spectroscopic, chemical degradative, and histochemical staining techniques. In addition, hot water and dilute acid treatments followed by enzymatic hydrolysis on wood from trees with reduced lignin content showed improved sugar release demonstrating a reduction in the cell wall recalcitrance. To our knowledge, this is the first report of S lignin incorporation in secondary xylem of a softwood and of testing pretreatment and enzymatic hydrolysis on a genetically-modified softwood species.
Materials and methods

Wood samples
Stems were collected from the transgenic P. taeda trees genetically modified with the aim of either producing S lignin or reducing lignin content. These genetically-modified P. taeda trees were produced by the forest biotechnology company, ArborGen Inc. (Ridgeville, SC), following methods from U.S patent No. US 7,157,620 (Connett-Porceddu et al. 2007) . The loblolly pine variety (NQ26) used for transformation was developed in ArborGen's breeding program, and was utilized due to its fast growth, disease resistance, and suitability to grow in the Southeastern United States. The genetically-modified trees were produced using Agrobacterium and embryogenic pine callus. After the genetic transformation, kanamycin resistant lines were selected and tissue was cultured to produce germinated embryos. Seedlings were planted in a field plot in southeastern GA in March 2015. The field plot was a randomized block design with 10 blocks. Within each block there was a single transgenic tree from each line and 2 non-transformed trees of the same variety. Trees were harvested after 9 months.
P. taeda trees developed for S lignin production were transformed using constructs to overexpress three angiosperm monolignol biosynthetic genes, a coniferaldehyde 5-hydroxylase (CAld5H from Liquidambar styraciflua (sweetgum)) with a constitutive promoter, a bifunctional O-methyltransferase (OMT from L. styraciflua) with a xylem expressed promoter, and a sinapyl alcohol dehydrogenase/cinnamyl alcohol dehydrogenase (SAD/CAD from Eucalyptus grandis) with a secondary xylem promoter (L. Pearson, ArborGen Inc., personal communication, November 22, 2016) . The genes from L. styraciflua were selected based on their role in mediating the biosynthesis of syringyl lignin (Osakabe et al. 1999) . Stems from trees developed for S lignin production are referred to as construct 17, and consisted of five genetic lines denoted as 17-1, 17-2, etc. with two or three trees per line (17-1a, 17-1b, and 17-1c, etc.) . Pinus taeda trees developed for reduced lignin content were transformed using a RNA interference (RNAi) construct that targets the xylem-specific downregulation of 4-coumarate-CoA ligase (4CL). Stems from trees developed for reduced lignin content are referred to as construct 18, and consisted of eleven genetic lines denoted as 18-1, 18-2, etc. with two or three trees per genetic line (18-1a, 18-1b, and 18-1c, etc.) . To serve as the control, three stems were collected from empty vector control trees, which lacked the genetic modification and were produced using the same tissue culture methods as the genetically-modified trees.
Wood samples were Wiley Ò milled to pass through a 20-mesh screen and extracted for 24 h with 1:1 mixture of hexane and acetone in a Soxhlet apparatus prior to analyses. Milled and extracted wood samples were used for pyrolysis-molecular beam mass spectroscopy (py-MBMS), structural carbohydrate and lignin content analysis, solid-state nuclear magnetic resonance (NMR), and enzymatic hydrolysis; samples used for thioacidolysis were milled further using a cryomill.
Py-MBMS
High-throughput py-MBMS was used to measure the lignin pyrolysis products, and to estimate lignin content in control and all transgenic lines of P. taeda wood samples. Approximately 4 mg of milled and extracted biomass from each sample was weighed and pyrolyzed for 30 s with a total acquisition time of 1.5 min at 500°C. The resulting pyrolysis vapors were transported to the mass spectrometer in helium (0.9 L/min). Electron impact ionization of 17 eV was used to monitor ions in the range of m/z ratios of 30-450. To estimate lignin content for each sample, the relative intensity of the lignin peaks m/z = 120, 124, 137, 138, 150, 152, 154, 164, 167, 178, 180, 181, 182, 194 , and 210 were summed (Evans and Milne 1987) . The sum was multiplied by a correction factor calculated from the mass spectrum of the standard Pinus radiata (NIST 8493; National Institute of Standards and Technology) for which the lignin content was known. All samples were analyzed in duplicate. A detailed description of the analytical pyrolysis procedure and instrumentation can be found in Sykes et al. (2009) . Additionally, for wood samples from construct 17, mean normalized spectra were analyzed for pyrolysis products derived from S lignin.
Compositional analysis
Several samples with a wide range of lignin content, as determined by py-MBMS, were selected for compositional analysis which included quantification of lignin content and structural carbohydrates. The analysis was performed using a modified NREL protocol (NREL/TP-510-42618, 2010) . Briefly, 100 mg of extracted and milled wood was exposed to a two-step acid hydrolysis (72% sulfuric acid at room temperature for 90 min followed by 3% sulfuric acid at 121°C for 90 min). Then, the hydrolysate was filtered, acid insoluble lignin was measured gravimetrically, acid soluble lignin was measured by UV spectroscopy at 205 nm with an extinction coefficient Cellulose (2017 Cellulose ( ) 24:1901 Cellulose ( -1914 Cellulose ( 1903 of 105 L/g-cm. Structural carbohydrates (glucose, xylose, galactose, arabinose, and mannose) were quantified with high performance liquid chromatography (HPLC) equipped with a Shodex TM sugar SP0810 column using deionized (DI) water as the eluent, flow rate of 0.5 ml/min, and injection volume of 20 ll with a column temperature of 80°C, and refractive index detector at 55°C. Arabinose and mannose were measured as the sum of their concentrations due to the fact that the peaks co-eluted. These analyses were performed in duplicate.
Mäule staining
Mäule staining was performed on construct 17 wood samples by using a modified procedure outlined by Nakano and Meshitsuka (1992) . This method involved preparing 20 lm cross-sections from the wood stem using a steel-blade microtome. The microtomed crosssections were placed in a 0.5% (m/v) KMnO 4 solution for 5 min, followed by 10% (v/v) of HCl for 5 min. The samples were then mounted on a glass microscope slide, and a drop of concentrated NH 4 OH (aq) was placed on the specimen. In the case of a positive reaction with S lignin, a red coloration appeared. Images were taken using a light microscope (Nikon Eclipse E200) and a digital camera (Infinity2 camera, Lumenra).
Thioacidolysis
Construct 17 (sample 17-1a) was subjected to thioacidolysis in order to quantify S lignin content and compared to a control pine sample using the method developed by Harman-Ware et al. (2016) . Thioacidolysis was performed by weighing 2 mg of extracted and cryomilled biomass sample into a reaction vial, and adding 1 ml of thioacidolysis reaction mixture (2.5% BF 3 , 10% EtSH, 87.5% dioxane, and 0.05 mg/ml bisphenol) to each sample. In addition to biomass samples, standard lignin monomer compounds were subjected to the same reaction conditions. Samples were placed in an aluminum heating block at 100°C for 4 h then cooled on ice for 5 min. Next, 400 ll of sample was added to a glass tube, and 250 ll of 1 M sodium bicarbonate was added, followed by 130 ll of 1 N HCl, then 1 ml of water, and 500 ll of EtOAc.
Each sample vial was then mixed and diluted with 2 ml of water. A 200 ll aliquot of the organic layer was transferred into a GC vial and silylated by addition of 10 ll pyridine, 50 ll N-O-bis(trymethlysilyl)acetamide, and allowed to derivatize for 2 h at room temperature. Samples were then analyzed by gas chromatography mass spectroscopy (Agilent 7890 GC equipped with a 6975C MSD) using a DB-5 column (30 m 9 250 lm 9 0.25 lm) with helium gas flow of 1 ml/min, and temperature ramp of 5°C/min beginning at 130°C to a final temperature of 300°C. A splitless single tapered inert liner was used with an inlet temperature of 270°C and, MS detector voltage of 70 eV, and temperature of 280°C were used. Quantification of S, G, and H thioacidolysis products was accomplished using standard curves based on standard lignin monomers. Yields of S, G, and H thioacidolysis monomers were reported as lmol monomer/g biomass, and samples were analyzed in duplicate.
Solid-state NMR
Tree 17-1a and the control pine sample were analyzed by solid-state 13 C NMR to characterize the lignin structure, and to determine S/G ratio using a method developed by Manders (1987) . The solid-state 13 C NMR cross-polarization (CP) and magic angle spinning (MAS) spectra were collected using a Bruker Advance 200 MHz spectrometer. Interrupted decoupling spectra were collected with variable amplitude CP (2.0 ms) in order to minimize intensity variations of the non-protonated aromatic carbons that are sensitive to Hartmann-Hahn mismatch at higher MAS rotation rates (Peersen et al. 1993) . A frequency of 53.6 kHz was used to match the 1 H and 13 C fields, and a 1 dB ramp was applied to the proton resonance frequency during the matching period. In order to remove baseline distortions caused by phasing errors, simultaneous 90°refocusing pulses were applied to both nuclei to refocus any evolution caused by chemical shift interaction. Then, an additional delay of 30 ms for interrupted decoupling and refocusing was applied. The acquisition time was 0.026 s with a sweep width of 20 kHz. Using a pulse repetition rate of 1.0 s, 20,000 scans were averaged, and MAS was performed at 6000 Hz.
Pretreatment and enzymatic hydrolysis
Control and genetically-modified P. taeda wood samples (milled and extracted) were subjected to a highthroughput combined pretreatment (hot water or dilute acid) and enzymatic hydrolysis process followed by sugar release detection using specialized 96-well reactor plates. Hot water and dilute acid pretreatments were utilized to test the effect of two different pretreatment severities, and the specific conditions of these pretreatments were informed based on previous work at the Department of Energy's National Renewable Laboratory's ''high-throughput (HTP) biomass pipeline''. A relatively high enzyme loading of 70 mg protein per g biomass was used to ensure that the enzyme activity was not a limiting factor, and thus remove enzymemediated variability in the sugar release results. In addition, sub-optimal pretreatment conditions were used such that sugar release should not be quantitative across several genetic lines of the pine samples, allowing a greater range in sugar release values to be observed. These pretreatment and enzymatic hydrolysis conditions were not meant to be near optimum, rather they were applied such that the effect of the cell wall recalcitrance in different biomass samples could be assessed with greater sensitivity (Decker et al. 2015) . A detailed description of the high-throughput pretreatment and enzymatic hydrolysis instrumentation can be found at Decker et al. (2009) .
The procedure consisted of weighing 5.0 ± 0.3 mg (air dried) of biomass into each well of a 96-well plate. In samples receiving no pretreatment and hot water pretreatment, 250 ll of deionized (DI) water was added to each well; and in samples receiving dilute acid pretreatment, 200 ll of 0.4% (w/w) H 2 SO 4 was added. Samples receiving hot water and dilute acid treatment were then heated in a steam reactor at 180°C for 17.5 min, while no heating was applied to the no-pretreatment samples. Next, samples which received acid pretreatment were neutralized with 20 ll of 3.3% NaOH (w/v), and 30 ll of 1.0 M citrate buffer (pH 5.0) was added. In all samples, 40 ll of enzyme solution consisting of 6% CTec2 (Novozymes, Franklinton NC) in citrate buffer (solution was prepared by adding 6.0 ml of CTec2 ? 94.0 ml 1.0 M citrate buffer at pH 5.0) was added to each well and samples were sealed and incubated at 50°C for 70 h. The enzyme loading was 70 mg protein per g of biomass. After incubation, samples were diluted 109 with DI water. The diluted samples were diluted 10x again with glucose oxidase/peroxidase reagent (GOPOD; Megazymes, Ireland) in clear microtiter plates to measure glucose via UV/VIS spectrometry. Glucose calibration standards were included in each plate and used to calculate sugar concentration for each sample. Two or three biological replicates of each genetic construct and control were measured, and all samples were analyzed in triplicate.
Statistical analysis
The multivariate statistical technique, principal component analysis (PCA), was utilized to explain the major sources of variation among the py-MBMS spectra for construct 17, construct 18, and control P. taeda. The Unscrambler Ò X (version 10.2, CAMO, Woodbridge, NJ) was used to perform the PCA. Duplicate py-MBMS spectra from each sample from m/z 30 to 450 were mean normalized prior to analysis.
One-way ANOVA was applied using SAS version 9.4 statistical software (SAS Institute, Cary, NC). The data was checked for normality and constant variance by using the shapiro-wilks test for normality on the residuals and by visual inspection of the residual plots. A general linear model (Proc GLM) was used to test for significance (a = 0.05) of lignin content determined by py-MBMS between different genetic lines, and sugar release between different lines of construct 17 and construct 18 within each pretreatment type. Tukey's mean separation was used to determine significant differences between genetic lines for lignin content and sugar release at a = 0.05.
Results and discussion
Chemical composition
Py-MBMS was used to estimate lignin content in control, genetically-modified construct 17 (CAld5H, OMT, and SAD/CAD transformed for S lignin monomer production), and construct 18 (4CL downregulated for reduced lignin) P. taeda samples (Table 1) . Samples from construct 17 had similar lignin content as the control, and all genetic lines in construct 18 (except for 18-1) had significantly reduced lignin content, ranging from 21.9 to 26.6%, compared to the control at 32.9% lignin content.
The cell wall composition was measured on selected samples from low-lignin construct 18 to investigate the effect of lignin reduction on the composition of cell wall carbohydrates (Table 2) .
These samples were selected to include a wide range of lignin content based on py-MBMS lignin content determinations. As expected, holocellulose content increased as lignin content decreased. Hu et al. (1999) reported increased cellulose and hemicellulose sugars in low-lignin genetically-modified aspen, which is consistent with this study. In order to identify the possible presence of S lignin in samples of construct 17 (modified for S lignin production), the py-MBMS spectra were analyzed for elevated pyrolysis products which were likely derived from S lignin subunits and compared to spectra of the control. Two biological replicates from line 17-1 (17-1a and 17-1b) were positively identified as containing elevated pyrolysis products likely derived from S units (Fig. 1) . These elevated peaks included syringol (m/ z 154), ethylsyringol, syringylacetone, propiosyringone (m/z 167), 2,6-dimethoxy-4-methylphenol (m/z 168), 4-propenyl-syringol (m/z 194), and sinapyl alcohol (m/z 210) (Evans and Milne 1987; Faix et al. 1990 ). Wagner et al. (2015) reported the elevated pyrolysis products syringol (m/z 154), 4-vinyl-syringol (m/z 180), and 4-propenyl-syringol (m/z 194) in a tracheary element system of P. radiata with induced S lignin formation by transformation to express CAld5H and caffeic acid O-methyltransferase (COMT). Similarly, our results show elevated levels of syringol (m/z 154) and 4-propenyl-syringol (m/ z 194); in addition, several other pyrolysis products derived from S lignin were elevated (including m/ z 167, m/z 168, and m/z 210). The difference in elevated pyrolysis products found in the present study could be caused by the difference in biomass type (secondary xylem vs. tracheary element), species (P. taeda vs. P. radiata), genetic modification technique, or analytical pyrolysis technique.
Py-MBMS spectra for the control, transgenic construct 17, and transgenic construct 18 samples were analyzed using principal component analysis (PCA) in order to explain the major sources of variation in the py-MBMS data among the different samples (Fig. 2) . PCA applied to py-MBMS data has previously been demonstrated as a useful technique (Xiao et al. 2014) . Figure 2 shows the scores and loadings plots which are the outcome of the PCA. The scores plot resulted in two main groups along PC1 which explains 63% of the variation in the data set. Construct 17 (except for samples 17-1a and 17-1b) and the control samples are grouped on the positive side of the PC 1 axis, while construct 18 shows a broad grouping towards the negative PC 1 axis. The loadings plot describes which m/z signals are important in explaining this separation along PC1; accordingly, the positive m/z signals 164, 137, and 124 correspond with the pyrolysis products isoeugenenol/eugenol, ethylguaiacol/homovanilin/coniferyl alcohol, and guaiacol (2-methoxyphenol)/trimethylcyclopentenone, respectively, which indicate G lignin; and the positive m/ z 180 signal is associated with vinylsyringol/coniferyl alcohol which is derived from both S and G lignin. The negative loadings of m/z 57 and 60 correspond to pyrolysis products from 5-carbon sugars, and 6-carbon sugars, respectively, which are derived from cellulose and hemicelluloses (Evans and Milne 1987) . Samples are separated based on higher G lignin content and low cell wall carbohydrates on the positive direction of the PC1 axis, while conversely the negative direction of PC1 indicates samples have lower G lignin content and increased carbohydrates. This indicates that the main variation in the chemical composition is explained by lignin content, and that the two clusters in the scores plot are explained by the reduction of lignin content in construct 18 samples and the higher lignin content in the control and construct 17 samples. With the exception of samples 17-1a and 17-1b (which contained S lignin), the construct 17 and control samples cluster together, indicating that py-MBMS spectra of these samples are similar. This result is likely due to the similar lignin content in construct 17 and the control. The two biological replicates which were identified to contain S lignin (17-1a and 17-1b) were grouped with the construct 18 samples, which is Cellulose (2017) 24: 1901-1914 1907 probably caused by the corresponding reduction in G lignin content.
S lignin identification
The Mäule color reaction, which gives a deep rosered color to syringylpropane units, was used for visualization of S lignin on stem cross-sections (Nakano and Meshitsuka 1992) . Mäule staining was performed on Liquidambar styraciflua, P. taeda control, and all stems from P. taeda construct 17 (Fig. 3) . L. styraciflua (which has a high proportion of S lignin) was included in the study as a positive control for the Mäule staining reaction. As expected the P. taeda control specimen was stained light brown, which is well documented for softwood species that lack S lignin (Iiyama and Pant 1988) . Of all the samples in construct 17 that were tested, only sample 17-1a and 17-1b had a positive reaction and red coloration. At 409 magnification it is clear that genetically-modified 17-1a and 17-1b specimens display intermittent red coloration throughout the secondary xylem (Fig. 3e, g ) indicating partial incorporation of S lignin. Microscope images at 100x (Fig. 3f, h ) presented light red coloration, as opposed to the deep red observed in the L. styraciflua specimen (Fig. 3b) , indicating relatively low proportion of S lignin in samples 17-1a and 17-1b. These findings are in agreement with py-MBMS screening which identified these two samples as having pyrolysis products derived from S lignin. Thioacidolysis was performed on the control and 17-1a samples to yield a quantitative measurement of S and G lignin units from b-O-4 linkages (Table 3) . Sample 17-1a had an S unit monomer yield of 28.6 lmol/g biomass which accounts for 12.8% S, in addition to 83.5% G and 3.8% H units, and S/G ratio of 0.15. In agreement with py-MBMS and Mäule staining techniques, thioacidolysis confirms the presence of S units. In comparison, the control resulted in thioacidolysis monomers composed mainly of G, with a small amount of H, and no S thioacidolysis monomers, which is typical for softwoods (Lapierre 2010) .
Solid-state NMR has been proven as a valuable tool to analyze the structure of wood cell wall components including lignin (Foston et al. 2012; Manders 1987; Ziebell et al. 2010) . The inherent benefit of solid-state NMR is that the lignin polymer is not altered by dissolving in solvent or chemical degradation which are common in many lignin analysis techniques (Hatfield et al. 1987) . To compare the structural differences of lignin between 17-1a and the control, solid-state NMR was utilized. Visual comparison of the aromatic regions (115-165 ppm) of the 17-1a and the control shows a shoulder at *152-153.5 ppm which is assigned to C-3 and C-5 in S lignin units which are O-alkylated at the C-4 position and likely involved in b-O-4 ether linkages (Fig. 4a) . In addition, the broad peak around *136 ppm, which is assigned to C-1 and C-4 in S units and C-1 in G lignin units, are higher in intensity in 17-1a compared to control sample (Bardet et al. 2009; Manders 1987) . The larger broad peak at *136 ppm is likely a result of increased S lignin content in 17-1a due to the larger contribution of S lignin signal, compared to G lignin, in that region.
Isolation of S lignin and G lignin spectra in transgenic sample 17-1a was accomplished through spectrum subtraction utilizing a pure G lignin spectrum obtained from the control pine samples (Fig. 4b) . Peak subtraction was performed using the method outlined by Manders (1987) , where the G lignin spectrum is scaled proportionally to the 17-1a spectrum so that the resulting subtraction spectrum (representing contributions from S lignin subunits) exhibits complete removal of the 146-148 ppm peak. Peak areas of isolated S and G lignin spectra were normalized and integrated to calculate % S lignin and % G lignin in the sample, resulting in an
(g) (h) Fig. 3 Light microscope images of cross-sections after Mäule staining of sweetgum at a 940, and b 9100 magnification; P. taeda control at c 9400 and d 91000 magnification;
genetically-modified P. taeda sample 17-1a at e 9400 and f 91000 magnification; and genetically-modified P. taeda sample 17-1b at g 9400 and h 91000 magnification Cellulose (2017 Cellulose ( ) 24:1901 Cellulose ( -1914 Cellulose ( 1909 estimated 16.2% S lignin and S/G ratio of 0.19 in sample 17-1a.
The original 13 C NMR spectrum of 17-1a and its accompanying isolated G lignin and S lignin spectra can be seen in Fig. 4b . As expected, the isolated G lignin spectrum showed a dominant peak at *148 ppm assigned to C-3 and C-4 in G units. The isolated S lignin spectra showed a peak at *136 ppm which corresponds to C-1 and C-4 in S units, with a smaller contribution by C-1 in G lignin units. The largest peak in the S lignin spectrum was *153.5 ppm, which is assigned to C-3 and C-5 in S units that are O-alkylated at the C-4 position (Lüde-mann and Nimz 1973), indicating that b-O-4 ether linkages are likely the main bonding pattern linking S units incorporated into the lignin polymer in sample 17-1a.
Enzymatic hydrolysis
Hot water or dilute acid pretreatment followed by enzymatic hydrolysis were applied to S lignin construct 17, low-lignin construct 18, and control wood samples. Regardless of the pretreatment type, glucose release after enzymatic hydrolysis was generally higher in the reduced lignin construct 18 samples compared to the control (Fig. 5) ; while glucose release in construct 17 was similar to the control. The similarity in glucose release from genetic lines of construct 17 and the control is likely a result of the similar lignin contents between these samples. In addition, the glucose release in the two biological replicates of construct 17 where S lignin was identified (17-1a and 17-1b) was not significantly different from the control. The relationship between S lignin content in softwoods and enzymatic hydrolysis yields is unknown because softwoods normally do not contain S lignin. The low concentration of S lignin observed in the samples of this study had no apparent effect on enzymatic hydrolysis. However, because of the small C NMR spectra of a control and genetically-modified 17-1a P. taeda wood samples, and b genetically-modified sample 17-1a showing the original spectrum, the isolated guaiacyl lignin spectrum, and the difference spectrum showing peaks that are characteristic of a syringyl lignin spectrum sample size and lack of S lignin content variability, we are cautious to comment on the relationship between S lignin content and biomass recalcitrance in softwood. Future studies with a greater number of samples and a larger range in S lignin content are required to increase the understanding of the influence of lignin composition on the utilization of softwoods as a feedstock for biochemical conversion.
Comparing construct 18 samples to the control, without pretreatment, glucose release was increased the most in line 18-7 representing a 2.8-fold increase compared to the control. After hot water pretreatment, the greatest increase was 3.2-fold in line 18-9, and after dilute acid pretreatment the greatest increase was observed in line 18-7 with 1.9-fold increase compared to the control. These results are likely explained by the fact that these lines had among the lowest lignin contents, with 21.9 and 23.5% lignin in 18-9 and 18-7, respectively. Several genetic lines demonstrated similar glucose yield between hot water and no pretreatment, such as lines 18-2, 18-7, 18-8, and 18-9 (Fig. 5) . This is attributed to higher amenability to enzymatic hydrolysis as a result of reduced lignin content, 21.9-24.2% compared to 32.9% in the control; and thus, there was no benefit of the added pretreatment severity afforded by the hot water pretreatment. In the control, dilute acid treatment resulted in greater glucose release compared to hot water and no pretreatment, while results of hot water and no pretreatment were similar. Furthermore, it is apparent that as lignin content decreased the glucose release increased and the differences between the pretreatment methods became less distinct (Fig. 6a) . A similar inverse correlation between lignin content and sugar release after pretreatment and enzymatic hydrolysis was observed in poplar by Studer et al. (2011) when the S/G ratio was below 2.0.
There was a striking increase in sugar release after enzymatic hydrolysis as lignin content was decreased in construct 18 (Fig. 6a) . However, the proportion of cell wall carbohydrates was higher in low-lignin samples, as discussed previously. The cell wall sugars in raw biomass of selected samples from construct 18 and the control were measured (Table 2) , and the data were used to calculate percent yield of glucose released after pretreatment and enzymatic hydrolysis based on glucose content of the raw biomass (Fig. 6b) . The recalcitrance in low-lignin samples was indeed decreased, and there is a strong negative correlation between lignin content and glucose yield (Fig. 6b) . Similar correlations between sugar release and lignin content have been reported for natural variants of Populus and Eucalyptus with a wide range of lignin contents (Santos et al. 2012; Studer et al. 2011) , transgenic low-lignin Populus (Duan et al. 2013; Min et al. 2012) , as well as in transgenic alfalfa (Chen and Dixon 2007) . For several low-lignin samples the higher severity of the acid pretreatment most likely Cellulose (2017 Cellulose ( ) 24:1901 Cellulose ( -1914 Cellulose ( 1911 caused some glucose degradation, as is evident by the lower glucose yields compared to the hot water pretreatment (Fig. 6b) .
Conclusions
This study describes the cell wall modification and recalcitrance towards pretreatment and enzymatic hydrolysis of genetically-modified P. taeda using two constructs: one designed for syringyl lignin biosynthesis (transformed with CAld5H, OMT, and SAD/CAD), and the other for reduced lignin content (4CL downregulation). In the S lignin construct, py-MBMS, thioacidolysis, and solid-state NMR showed incorporation of S lignin subunits into the pine lignin of two biological replicates; however, no increase in sugar release was demonstrated. These results are the first to demonstrate S lignin incorporation into the secondary xylem of P. taeda using genetic modification techniques. However, due to the small sample size and low concentrations of S lignin found in samples of this study, more research is required to better understand the effect of S lignin concentrations in softwoods on their recalcitrance towards biochemical conversion. In the reduced-lignin constructs, greater amenability to pretreatment and enzymatic hydrolysis was observed, and sugar release was significantly increased compared to the control. These findings demonstrate the potential for decreasing cell wall recalcitrance of P. taeda through genetic modification techniques.
Supplementary material
Supplementary material includes a figure showing the negative correlation between holocellulose content and lignin content in genetically-modified low-lignin construct 18 P. taeda samples (Fig. S1 ), and the glucose release after pretreatment and enzymatic hydrolysis of the genetically-modified construct 17 P. taeda samples (Fig. S2) . Correlation between lignin content and glucose release after different pretreatments and enzymatic hydrolysis a expressed as glucose released normalized by biomass dry weight (g glucose released per g dry biomass), each point representing the average of three biological replicates for the control and 11 genetic lines in construct 18; and b expressed as glucose yield (g glucose release per g total glucose) for selected biomass samples from the control and construct 18
